Chemistry of 2-aminothiophenes is arguably one of the most extensive and dynamic field of present-day thiophene research. Since 1961 when first report on the Gewald reaction was reported it became a universal method for synthesis of substituted 2-aminothiophenes and has gained prominence in recent times. The availability of reagents and the mild reaction conditions all contribute to the versatility of this reaction. This review summarizes the synthetic strategies for substituted 2-aminothiophenes. Consequently, details about the proposed mechanism of Gewald-like reactions and the wide scope of substituted 2-aminothiophenes for real life applications.
Introduction
Highly substituted thiophene derivatives are important heterocycles found in numerous biologically active and natural compounds. [1] [2] [3] [4] [5] The interest in this kind of heterocycles has spread from dye chemistry 6 to modern drug design 7 , biodiagnostics 8 , electronic and optoelectronic devices 9 , conductivity-based sensors 10 and self-assembled superstructures. 11 2-Amino-3-aroylthiophenes are agonist allosteric enhancers at the A 1 adenosine receptor. 12, 13 A novel class of thiophene-derived antagonists of the human glucagon receptor has been discovered. 14 Traditionally, polysubstituted 2-aminothiophenes with an electron-withdrawing group such as cyano, ethoxycarbonyl or aminocarbonyl in the 3-position and alkyl, aryl or hetaryl groups in
The importance of this field of heterocyclic chemistry gave impetus to the present study, where the data on synthesis, reactivity and application of variously substituted 2-aminothiophenes are systematized and analyzed. Emphasis is given to the recent studies published, in which the most general approaches to the synthesis of basic 2-aminothiophenes via the Gewald reaction and other target structures were considered. Data of the utilization of 2-aminothiophenes in the synthesis of novel type of fused heterocycles and their application are included. Particular attention is given to studies published in the previous 15-20 years.
Synthesis of substituted 2-aminothiophenes
The chemistry of 2-aminothiophenes has received much attention upon their convenient availability through the most versatile synthetic method developed by Gewald and his coworkers. 15 Many methods of synthesis of substituted 2-aminothiophenes published before the Gewald are generally unsuitable because they involve difficult preparation of the starting materials, multi step synthesis and do not produce high yields. 26 The prior to universal synthesis to this kind of product was reported in 1910 by Benary 27 as the multi step reaction of ethyl 4-chloro-2-cyano-3-oxobutanoate 1. After the treatment of 1 with potassium hydrosulfide the reactive sufanyl-substituted intermediate 2 was created, which in the subsequent intramolecular addition of sulfanyl group to cyano group proceeded ethyl 2-amino-4-hydroxythiophene-3-carboxylate 4 in equilibrium with its cyclic tautomer -the appropriate imine 3 (Scheme 1).
The Benary method exhibits a very limited scope because of the unavailability of halosubstrates like 1. Fifty years later, in 1961, substituted 2-aminothiophenes with electronwithdrawing substituents (such as cyano, carbonyl, methoxycarbonyl, aminocarbonyl, etc.) at the C-3 position and electron-donating substituents (such as alkyl, aryl, cycloalkyl, etc.) in the C-4 position of the thiophene ring were synthesized in a one step process from aliphatic substratessubstituted α-sulfanylaldehyde or α-sulfanylketone 5 and α-substituted acetonitrile 6 (where the substituent is EWG, X = CN, CO 2 H, Scheme 2). 16 Since then, the Gewald reaction and its variations have found enormous utility in synthesis of variety of substituted 2-aminothiophenes. 
Scheme 2
The Gewald reaction represents the multi component process to prepare substituted 2-aminothiophenes in generally high yields from α-substituted acetonitriles carrying electronwithdrawing groups and α-methylene carbonyl compounds (aldehydes or ketones) in the presence of the base -organic bases such as secondary or tertiary amines (diethylamine, morpholine, triethylamine, pyridine) or inorganic bases (e.g. NaHCO 3 , K 2 CO 3 , NaOH). Polar solvents, like DMF, alcohols (methanol, ethanol), 1,4-dioxane enhance the condensation of intermediates -α,β-unsaturated nitriles with sulfur, which are either prepared in situ or externally. Depending on the used starting substrates and the reaction conditions three basic versions of the Gewald reaction have been developed 16, [28] [29] [30] , which were lately enriched by a fourth version. 
The first version of the Gewald reaction
In the first version of this reaction, an α-sulfanyladehyde or α-sulfanylketone 5a is treated with α-activated acetonitrile 6 in the presence of a basic catalyst (usually triethylamine or piperidine).
Reaction performed in the solvents like methanol, ethanol or DMF at 50 °C takes place in two subsequent steps -Knoevenagel-Cope condensation 32, 33 and intramolecular ring closure of formed sulfanyl substituted α,β-unsaturated nitrile 8 (Scheme 3). By this reaction polysubstituted 2-aminothiophenes 7 with electron-donating substitents in C-4 and C-5 positions of the thiophene ring (R 1 and R 2 , mainly alkyl and cycloalkyl chains) are prepared in yields varying between 35-80% (Table 1) . 15, 16, [28] [29] [30] Because of the instability and difficult preparation of the starting α-sulfanylcarbonyl compounds 5a this reaction appears to have a limited scope and more convenient variations are utilized instead of this procedure. 4 CO 2 Et 80 29
The second version of the Gewald reaction
The second version of the Gewald´s process is the most elegant and consists of the one-pot reaction of three components -α-methylene carbonyl compound 5b, α-activated acetonitrile 6
and sulfur at a temperature not exceeding 45 °C in ethanol or methanol. In this case the base, mainly secondary amine (diethylamine, morpholine), is used in 0.5-1.0 molar equivalent amounts. Reaction towards substituted 2-aminothiophenes with an electron-withdrawing substituent in position C-5 (R 2 ) occurs within three base-promoted steps: condensation of starting substrates 5b and 6 -addition of sulfur to α,β-unsaturated nitrile 9 -ring-closure of the ylidenesulfur adduct 10 (Scheme 4). 
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Scheme 4
Since the yields are higher than in the first version (45-95%) and the reactants are easily available and non-expensive compounds by this reaction variously substituted 2-aminothiophenes, predominantly with EWG and aromatic substituents in C-5 position of formed thiophene ring (substituent R 2 ), are obtainable by a very comfortable manner (Table 2) . 
The third version of the Gewald reaction
The third two-step version of the Gewald reaction allows the reaction of alkyl-aryl or cycloalkyl ketones which exhibit limited reactivity under the one-pot conditions. α,β-Unsaturated nitrile 9
as a product of Knoevenagel-Cope condensation is previously prepared and isolated and then treated with sulfur and amine (Scheme 5). 
Scheme 5
Alkyl aryl ketones and some cycloalkyl ketones which are not reactive under the one-pot modifications (version 1 or version 2) give acceptable yields of thiophenes in the two-step procedure (Table 3) . 
The fourth version of the Gewald reaction
The last from the basic Gewald´s methods represents the latest improvement of the first version.
In this particular version the more stable dimeric forms of an α-sulfanylcarbonyl compoundsubstituted 1,4-dithiane-2,5-diols 5c undergo condensation and subsequent cyclization with α-activated acetonitrile 6 requiring an amine in stochiometric amount (Scheme 6). 
Scheme 6
Priority of this major modification is the preparation of mono-or disubstituted 2-aminothiophenes with free α-position of formed thiophene ring (R 2 = H, 
Mechanism of the Gewald reaction
Even if the several reviews and papers on the Gewald reaction and its improvements have been reported in the literature 39-51 the mechanism of this reaction is not fully clear. As it is presented on Schemes 3-6, the substituted 2-aminothiophene ring is formed from the aliphatic starting substrates during the multi step reaction sequence: condensation -addition of sulfur -ringclosure. Depending on the type of the used reactants, in some variations of the reaction, the condensation (Version 3) or addition of sulfur step (Versions 2 and 4) is not required.
2.5.1
The ring closure. The most crucial step in all cases of the basic Gewald reaction and its improvements is the final ring-closure process, which is performed as an intramolecular nucleophilic attack of the sulfur anion to triple bond of the cyano group (Scheme 7). Target 2-aminothiophenes 7 in principle exists in equilibrium with the tautomeric forms -cyclic imines 11 formed during the cyclization. It was proved, that the parent aminothiophene occurs exclusively in the amino form. 
Scheme 7
In fact, the reaction of the addition of sulfur to α,β-unsaturated nitrile 9, which is required almost in all types of the Gewald reaction except the versions 1 and 4 where the starting compounds are already sulfanyl substituted (compounds 5a and 5c), is not known in detail. However, it is sure, that S 8 has to be activated to react with Knoevenagel-Cope product 9. Some authors report that the activation of sulfur and the following addition of sulfur on a methylene group is base-promoted [57] [58] [59] , others detail the electrochemical activation of the S 8 .
60-62
2.5.2 Base-promoted addition of sulfur. In the base-promoted addition the elemental sulfur reacts with amines to yield polysulfide anions, that can behave as nucleophiles. 63, 64 The methylene group of appropriate α,β-unsaturated nitrile 9 is being deprotonated first and then sulfur addition takes place (Scheme 8). The most suitable base for the activation with sulfur and the subsequent sulfur addition morpholine has been proved. 59 The morpholine exhibits the best solubility of sulfur from the entire organic base used in Gewald reaction. Additionally, by mixing the morpholine with sulfur at 150 °C the morpholine polysufide (MPS) is formed, which structure is presumed to contain from 2 -5 sulfur atoms within two morpholine molecules. 57, 65 MPS acts then in two ways -as a base needed in each reaction step, and also as a S-nucleophile in the addition of sulfur step to the α,β-unsaturated substrate 9 to create reactive ylidene sulfur adduct 10 (Scheme 8). Comparing the process of electrochemical activation to standard base-promoted addition of sulfur, the ylidene sulfur adduct 12 is formed by addition of a S-cyanomethyl anion onto the cyano group (Scheme 9), while in the previous version the polysulfide-like anion affects the methylene group of the α,β-unsaturated nitrile 10 (Scheme 8). However, if the activation with sulfur does not occur properly, the ylidene-sulfur adduct of presumed structure 10 or 12 is not formed and the side-reaction takes place.
Dimerization vs. cyclization.
It is presumed, that the dimerization of Knoevenagel-Cope product -the α,β-unsaturated nitrile 9 to six membered hexa-1,3-diene 14 occurs spontaneously as a side-reaction in the Gewald´s process (Scheme 10). 66 The yield of a dimer 14 is highly dependent on the reaction conditions. While in some cases the ylidene dimerization is significant and the by-product is isolated in higher yield than the desired 2-aminothiophene derivative 58 , on other hand under suitable reaction conditions not only is the straightforward reaction favored, but also the recyclization of dimerized ylidene 14 to appropriate aminothiophene 7 occurs. 59 The dimer 14 preferably is formed in the less studied, so-called redesigned Gewald procedure which is suitable for preparation six-membered carbonitriles with a free amino group. 67 If the reaction is directed towards formation of derivatives 14, the anion generated from the α,β-unsaturated nitrile 9 undergoes first to base-promoted Michael addition which is followed by Thorpe cyclization of the adduct 13 to create cyclohexadiene system 14 (Scheme 10). 
Modifications of the Gewald reaction
From the analyses of four major versions and the mechanism of the Gewald reaction (Contents 2.1-2.5 ) it is evident that, even if the experimental preparation represents a simple procedure, the sequence of the production of intermediates is not known and can change depending on variable reaction conditions. Because of the tremendous utility of substituted 2-aminothiophenes not only in organic synthesis but also in several applied fields, from the time of the discovery of Gewald´s method until today many of its new variations have been developed. By the use of improved methods and modified experimental procedures the scope of easily obtainable 2-aminothiophenes ultimately spread. More complex starting substrates, especially starting carbonyl derivatives, such as azepinones 69 , indanones 39 , pyranones 70 , α-and β-tetralones 71 and many other types [72] [73] [74] [75] undergo the modified Gewald reaction.
Exploiting the reaction conditions with starting substrates tolerating a broad range of functional groups and alkyl, aryl and heteroaryl substituents about 15 new modifications of the Gewald reaction can be found in literature. [76] [77] [78] [79] [80] [81] [82] As it was reported by the authors 58 the use of inorganic bases (e.g. Na 2 CO 3 , NaOH, NaHCO 3 , K 3 PO 4 ) instead of organic base (morpholine, pyridine, triethylamine) facilitates of the ylidene-sulfur intermediate formation and the ring closure in two-step version of the Gewald reaction (version 3, Content 2.3).
Other researchers 50 deal that the use acid-base catalyst (ammonium salts: acetates and trifluoroacetates of diethylammonium, morpholinium, piperidinium) promotes the creation of the Knoevenagel-Cope condensation product (α,β-unsaturated nitrile) and enhances the yield of final 2-aminothiophene. Ionic liquids used as solvents in combination with ethylenediammonium diacetate were shown to be very efficient in the case of the Gewald synthesis with aliphatic and alicyclic ketones with possibility of regeneration of used liquids. 83 From all of these novel optimizations the most effort is focused on solid-supported synthesis 86 
Microwave accelerated Gewald synthesis.
Most of the published Gewald synthetic procedures required long reaction times varying between 4 and 48 h. Microwave heating is an area of increasing interest in both academic and industrial laboratories because it can raise the rate of reaction and in many cases improve product yields. 86, 87 The expeditious Gewald synthesis under microwave irradiation was applied for preparation of 2-aminothiophenes without the substituents in position C-4 and C-5 of thiophene ring. This process represents the advancement of the basic version 4 (content 2.4). Reaction starting from 1,4-dithiane-2,5-diol 21 and α-activated acetonitrile 6 was completed after 2 min. in methanol with triethylamine used as a base (Scheme 12). 24 Compared to classical reaction conditions 16, 31, 38, 88 the appropriate monosubstituted 2-aminothiophenes 22 were obtained in higher yields with significantly shorter reaction time (Table 6) . 90 The application of KF-alumina to a wide range of organic reactions has provided more convenient and efficient methods in organic syntheses. [91] [92] [93] [94] [95] producing 2-aminothiophene derivatives 23 in good yields. Using the microwave irradiation reaction was carried out in very short times, but alternatively the reaction proceed well also under conventional heating (Table 7) . A number of tetrasubstituted N-methoxy-2-acetylaminothiophenes 26 with free carboxylic acid functionality in β-position next to protected amino group were achieved via a one-pot microwave assisted Gewald reaction on solid-support. 99 The same Wang type ester linkage 84 was used as was discussed previously. 85 The Gewald reaction of the resin-bound cyanoacetic ester 17
with substituted ketones 5 and sulfur was accomplished under the microwave conditions using DBU as a base in toluene. The protection of amino group was performed with methyl 2-chloro-2-oxoacetate 24 in toluene in the presence of diisopropylethylamine (DIPEA) again under the microwave irradiation. Formed resin-linked methyl oxo(2-thienylamino)acetates 25 were cleaved with trifluoroacetic acid in water-dichloromethane solution into substituted 2-{[methoxy(oxo)acetyl]amino}thiophene-3-carboxylic acids 26 (Scheme 14). 99 The applicability and efficiency of one-pot microwave assisted Gewald reaction on Wang-type solid support is presented in Table 8 . none of them is focused on the direct synthesis of 5-halogen substituted 2-aminothiophenes. Finally, in 2003 Scammells and co-workers 100 have presented the synthetic pathway to 5-bromo substituted 2-aminothiophenes 29. The reaction was successful it the R-substituted 2-bromo-1-phenylethanones 27 were reacted with 3-oxo-3-phenylpropanenitrile 28 and sulfur in the presence of diethylamine as a base in ethanol (Scheme 15). Because of the inconvenient conditions such as strong base, longer reaction time and difficult purification, the target 5-bromo-2-aminothiophenes 29 were obtained only in moderate yields (Table 9) . 
Utilization of substituted 2-aminothiophenes and Gewald reaction in the synthesis of condensed heterocycles
The substituted 2-aminothiophenes found enormous utility in dye chemistry 104 , modern drug design 105 , biodiagnostics 106 , electronic and optoelectronic devices 107 , conductivity-based sensors 108 , and self-assembled superstructures. 109 They are unique for their simple synthesis, environmental stability, wide spread possibility of functioning and moreover, they posses good workability and satisfactory solubility in both organic and aqueous media. The versatility of title compounds as a synthetic entry to fused heterocycles such as thieno [3,4- 
Synthesis of substituted thieno[3,4-c]thiolactones
The synthesis of a series of substituted thieno[3,4-c]thiolactones 39a-c as an unusual bicyclic 5:5 heteropentalene systems was reported by authors 110 . Starting from substituted 2-aminothiophenes 36a-c, the target fused heterocyclic derivatives 39a-c was prepared in a four step reaction sequence. The free amino group is acylated first and then the methyl group in C-4 position undergoes the radical bromination to create the crucial intermediates 37a-c. The reaction of corresponding bromomethylated thiophenes 37a-c with thiourea in acetone proceeded thiouronium salts 38a-c in almost quantitative yields. The cyclization to a fused thiophene- 
Scheme 18
The same authors have published 117 
Synthesis of substituted thieno[2,3-d]pyrimidines
Substituted thieno[2, 3-d] pyrimidines are considered to be an universal molecules in a structurebased drug design. 119 Thieno[2, 3-d] pyrimidine derivatives show pronounced antiinflammatory 120 , anti-tumor 121 , radioprotective and anti-convulsing activity. 122 The pharmacological versatility of the above system also present in substances with depressant or sedative properties 123 and compounds used for therapy of malaria 124 , tuberculosis 125 , Parkinson´s disease 126 and other diseases were designed. 127 Their synthesis relies on the annulation of pyrimidine ring to five-membered thiophenes. The substituted 2-aminothiophenes act as the most suitable synthetic precursors to various thieno[2, 3-d] pyrimidines. The versatility of this approach lies not only in the ease of controlled introduction of substituents to C-4 and C-5 position into a starting 2-aminothiophene derivative, but also in the ease of incorporation of different electrophilic substituents in the C-3 position that allows for variation of the substitution pattern of the pyrimidine portion of the desired thienopyrimidines. One of the important preparations of 2-aminothieno[2, 3-d] pyrimidines was investigated by authors 128 . From the symmetric ketone 47 the Gewald thiophene synthesis was conducted in a stepwise fashion through Knoevenagel-Cope condensation to give the intermediate 48 followed by base-promoted thiophene cyclization with sulfur. [35] [36] [37] From the 2-aminothiophene-3-carbonitrile 49a or methyl 2-aminothiophene-3-carboxylate 49b the annulation of pyridine was performed using common pyrimidine annelation with guanidine carbonate 50a or chloroformamidine hydrochloride 50b (Method A, Scheme 19). 129 In a second approach the aldehyde derivative 49c was prepared first in three steps and then annelated under the same conditions as before (Method B, Scheme 19). The desired products 51a-c were obtained in variable yields (20-80 %) by both methods. Presented synthetic approach is relevant also for the preparation other biologically active thienopyrimidine structures. A facile three step synthesis of 4-oxo-4,7-dihydrothieno[2,3-b]pyridine-5-carbonitriles 53 from substituted 2-aminothiophene-3-carboxylate esters 7 was developed. 132 The key step of the synthesis is a thermally promoted elimination/decarboxylation followed by nucleophilic cyclization of 52 to give fused thieno-dihydropyridines 53 (Scheme 20) in good yields (Table  10) . 
Applications of 2-aminothiophenes in drug design, optoelectronics and dyes
Substituted 2-aminothiophenes represents a category of an important precursors broadly employed in the synthesis of pharmaceuticals, dyes and potential building blocks in materials chemistry.
Synthesis of pharmaceuticals and drugs
As we have discussed above (3. The ultimate position of substituted 2-aminothiophenes in this field comes from their advantageous properties -the thiophene ring as is bioisosteric replacement for phenyl group broadly present in an active drugs, the thiophene core exists in many natural and synthetic pharmaceuticals and moreover, they represent an active precursors in broad range of synthetic pathways towards compounds used in therapy. 133, 134 4.1.1 Synthesis of 3-deazathiamine. The synthesis of 3-deazathiamine 61 was effected in ten chemical steps, though it was necessary to prepare and isolate substituted 2-aminothiophene. 135 As is outlined on Scheme 20, the synthesis starts from 3-acetyldihydrofuran-2(3H)-one 54 from which in four-step reaction sequence including the Gewald´s stepwise technique 35-37 appropriate 2-aminothiophene 56 is achieved. Deamination of aminothiophene 56 via the bromide 57 and following cleavage with zinc(0) in acidic media to afford derivative 58 was very efficient, displaying none of side reactions. Conversion of formed ester 58 to final 3-deazathiamine 61 was accomplished in four subsequent steps isolating the crucial intermediates -aldehyde 59 and nitrile 60. The readily available and inexpensive starting materials and reagents, and the lack of protection and de-protection steps make this synthesis very fashionable (Scheme 21). 
Scheme 21
Deazathiamine diphosphate (deaza-TDP, Figure 1 ) is an analogue of thiamine diphosphate (TDP, Figure 2) , the biologically active for of thiamin (vitamin B 1 ), with a neutral thiophene replacing positively charged thiazolium ring. TDP is co-enzyme present in a number of enzymes, including pyruvate decarboxylase, transketolase, pyruvate oxidase.
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Page 231 © ARKAT USA, Inc. [1, 3] oxazin-4-ones 65 using alkyl 2-aminothiophene carboxylates 62 as a substrates exhibits a facile three step synthesis, as is presented on Scheme 22. Aminothiophenes 62 were converted to isothiocyanato-thiophenes 63 by the thiophosgene method. Deprotection of tertbutoxycarbonyl group resulted directly to ring closure of the intermediates isothiocyanatothiophenecarboxylic acids leading directly to 64a,b. These key intermediates were alkylated with appropriate alkyl halides to furnish the final derivatives 65 (Scheme 22). Extracellular HLE is a serine protease contained in the azurophilic granules of human neutrophil and has been shown to contribute to the pathogenesis of destructive lung diseases such are pulmonary emphysema, cystic fibrosis, adult respiratory distress syndrome and inflammatory disorders such as rheumatoid arthritis. For that reason, much attention is focused on the inhibition of HLE by low-molecular-weight inhibitors that might serve as therapeutic agents.
5-Substituted 2-aminothiophenes as A 1 Adenosine receptor allosteric enhancers.
Adenosine is an important endogenous tissue-protective compound released during ischemia, hypoxia or inflammation. Four receptor subtypes (A 1 , A 2A , A 2B , A 3 ) have been defined based on pharmacological properties. 137, 138 Considerable effort has been directed towards developing therapeutic agents targeting these receptors. 139 The first allosteric enhancers acting at the adenosine A 1 receptor were reported in early 1990s. 140, 141 Since this initial discovery some molecules have been approved for use in the treatment of supraventricular tachycardia 142 , antiarrhythmic agent 143 and cardio protective agent.
144
Substituted 2-aminothiophenes of structure 66-69, with alkyl, aryl and cycloalkyl substituents in C-4 and C-5 position and aroyl substituent in C-3 position (Figure 3 ), maintained the best allosteric enhancer activity. 145, 146 The significant effort in the area of synthetic aminothiophenebased allosteric enhancer is directed to development and synthesis of adenosine receptor agonists with limited side-effects. Figure 6 ) were discovered as a moderately potent inhibitors of TGase-2 (tissue transglutaminase).
150
The RNA polymerase holoenzyme is a proven target for antibacterial agents. A highthroughput screening program based on this enzyme from Staphylococcus aureus had identified a 2-ureido-thiophene-3-carboxylate 74 ( Figure 7) as a low micromolar inhibitor. It displayed good antibacterial activity against S. aureus and S. epidermidis. Based on these author observations reported a synthesis of the number of analogs of 74 via the Gewald reaction and evaluated for cytotoxic activity against Rifampicin-resistant S. aureus.
151
A novel class of thiophene-derived antagonists of the human hepatic glucagon receptor (hGCRG) has been discovered. 152 The synthesis of derivatives based on the lead structure 75
( Figure 8 ) accomplished using the Gewald reaction. The further investigations of such structures are challenging in development of therapeutics of the diabetes mellitus. Diabetes mellitus is a condition characterized by chronically elevated levels of blood glucose caused by incorrect function of the hormone responsible for the hGCRG activation. Because the structure-based drug design program through substituted 2-aminothiophenes has been investigated broadly, up to this date there are many other research works dealing with the synthesis, pharmacology and application of thiophene-based structures in medicinal chemistry. 7, [12] [13] [14] 36, 37, 51, 69, 100, 101, [119] [120] [121] [122] [123] [124] [125] [126] [127] It is no doubt, that this area of Gewald-like thiophene derivatives exhibits the highest progress in a scope and utilization.
Synthesis of building blocks for optoelectronics
Oligothiophenes with well defined structures have recently received a great deal of attentions not only as a model compounds for conducting polymers, but also as a new class of functional π-electron systems. 153 Since the initial discovery of organic compounds showing metallic conductivity, for which 2000 Nobel prize in chemistry was awarded, [154] [155] [156] oligo-and polythiophenes have attracted much attention as advanced molecules with practical use in electronic devices [157] [158] [159] [160] and their potential application in field-effect transistors, 161 photovoltaic devices 162 and organic electroluminescent devices. 163 The employment of substituted 2-aminothiophenes in such areas represents the latest discovery showing a great promise in materials chemistry for the generation of novel oligo-and polythiophene structures.
Synthesis of thiophene-based azomethines.
The authors 164, 165 have discovered a facile synthesis of substituted azometines by a condensation of diethyl 2,5-diaminothiophene-3,4-dicarboxylate 76 with thiophene-2-carbaldehyde 77 or 5-(thiophen-2-yl)thiophene-2-carbaldehyde 78 the appropriate azomethines 79-82 were achieved (Scheme 23). Synthesized azomethines 79-82 were investigated as promising structures able to transfer the energy because of their "push-pull" nature. [166] [167] [168] The synthesis of such structures represents surprisingly easy process with possibility of the further development of more complex azometines with various functional groups in the thiophene ring. 
Synthesis of π-conjugated thiophenes via Gewald reaction.
The first report on the development and the use of substituted 2-aminothiophenes and the Gewald reaction was published by authors. 59 The synthesis of β-aryl or β-heteroaryl substituted 2-aminothiophenes 85 utilizing the Gewald reaction of substituted 3-oxopropanenitriles 83a-d and substituted acetonitriles 84a,b 57 as is presented on Scheme 24.
The free amino group allowed the chain elongation and the growth of π-conjugated system to achieve structure with three thiophene units 86 ( Figure 9 ) upon its modification via deamination reaction 38, 39, 82, 135 
Synthesis of some dispersed thiophene-based azo dyes
Interests in the design of azo dyes containing heterocyclic moieties stem from their high degree of brightness compared to azo dyes derived from anilines. [169] [170] [171] [172] The 2-aminothiophene based azo dyes are known as dispersed dyes with excellent brightness shade of shade. This class of dyes was established as an alternative to more expensive anthraquinone dyes. 173, 174 The thiophene containing azo dyes have many advantages including a color deepening effect as an intrinsic property of the thiophene ring and small molecular structure leading to better dye ability. 175, 176 Increasing the electron-withdrawing strength of the substitutents on the thiophene ring resulted in batochromic shifts. Additionally, the sulfur atom plays a decisive role by acting as an efficient electron sink as explained by valence band theory. 177 The thiophene-based azo dyes 92 are obviously prepared by diazotizing of substituted 2-aminothiophenes 7 using nitrozyl sulfuric acid with appropriate couplers, such as 2,3-dihydroxynaphthalene 87, resorcinol 88, 2-(N- 
Scheme 25
A number of researchers studied azo disperse dyes derived form substituted 2-aminothiophenes 90 in the dyeing of synthetic fibres, [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] blended polyester wool fibres 188, 189 and also in optical data store devices. 
Conclusions
In this review we have extended the problems of synthesis of variety of substituted 2-aminothiophenes and their scope and utilization. Thirty years after the famous chapter by R. K. Norris 25 and ten years of the last Gewald reaction review 26 we felt the time was ripe for a fresh look at this field of heterocyclic chemistry. The review starts with an extensive introduction that discusses the most multidisciplinary areas of 2-aminothiophene research with inputs from medicine, pharmacology, chemistry, biology, biochemistry, materials science and physics. We have collected together detailed descriptions of selected important new reactions and works used Gewald reaction. The scope of presented work does not include all of the publications on the chemistry of substituted 2-aminothiophenes, but the most interesting studies in the subject areas are considered. The reader interested in the latter aspects can find further detailed information in the list of references.
